Image registration is an essential task in many image processing applications. Log-Polar transform (LPT) is a well known tool for image processing for its rotation and scale invariant properties. However it suffers from nonuniform sampling which makes it not suitable for the environment when registered images are altered or occluded. Inspired by LPT, this paper presents a new algorithm that addresses the problems of the conventional LPT while maintaining the invariant properties. We introduce Adaptive Polar Transform (APT) technique and an innovative matching mechanism that serve as image processing tool for recovering scale and rotation change of the registered image. Unlike the conventional LPT that focuses only at the fovea area of the registered image, our proposed APT gives even consideration to the entire image. Translation of the registered image is recovered with the new search scheme by using Gabor feature extraction to accelerate the localization procedure. The experimental results indicate that our proposed method outperforms conventional LPT in registering images that are altered or occluded.
INTRODUCTION
Image registration is an essential task in many image processing applications. The objective is to find geometric transformations of the registered image in the target image. These transformations include translation, scale, and rotation. Many works have been done in this area in the past 20 years [1, 2] . Recently Zokia et al [3] proposed an innovative image registration technique by using Log-Polar transform (LPT). The provided experiments indicate successful results in registering image patches taken from the same scene with different orientations or scales. LPT [3, 4] is a well known tool for image processing for its rotation and scale invariant properties. Scale and rotation in Cartesian coordinate appears as translation in the log-polar domain. This invariant properties provide significant advantage in registering images. However, LPT also suffers from the nonlinear and nonuniform sampling. With LPT, the matching mechanism focuses only on the fovea or central area while the peripheral area is given less consideration. This makes LPT not suitable for registering images that have been altered or occluded, especially at the area closed to fovea. Another problem of LPT is the high computational cost in the transformation process, which comes from the oversampling at the fovea in the spatial domain. Since no information is gained from oversampling, this computation is wasted. Our work is motivated by these problems of the conventional LPT. We introduce Adaptive Polar Transform (APT) technique in the spatial domain that gives even consideration to the entire image, requires less computational cost during transformation, and maintains invariant properties for image registration purposes. An innovative matching mechanism is introduced to recover rotation and scale change, and the new search scheme is presented for accelerating the search process. The experimental results indicate that our proposed method outperforms the conventional LPT in registering images that are altered or occluded.
The paper is organized as follows. In section 2, we introduce our proposed algorithm in detail. Experimental results are shown in section 3 including comparison to the conventional LPT. Finally, our work is summarized in section 4.
PROPOSED ALGORITHM

Adaptive Polar Transforms
The objective of our proposed APT is to address the two major problems of the conventional LPT: the uneven consideration to the entire transformed image, and the computational waste due to the oversampling at the fovea. It can be seen that the cause of the problems comes from the fact that the number of samples of the conventional LPT increases exponentially from the peripheral to the fovea. Hence, when the transformed image is used for matching, more consideration is given to the fovea than other area of the image. More details of the conventional LPT and its mathematical expression can be referred to the author's previous publication [4] . To address these problems, we propose APT approach as new im-age processing tool for recovering scale and rotation changes of the registered image. The Adaptive sampling procedure aims to reduce the computational waste during the transformation. Although APT can provide even sampling in the spatial domain to the entire image, only the rotation invariant property is maintain, while the scale invariant property is lost. Hence, an innovative matching mechanism is proposed to obtain both rotation and scale parameters of the registered image.
Adaptive Sample
One of the problems of the conventional LPT is how to effectively select the sampling parameters. We denote n r and n θ as number of samples in radius and angular directions, respectively. For APT, given a square image with the size 2R max × 2R max pixels that we want to evenly sample and transform from Cartesian to polar coordinate, the parameter n r should be equal to R max . We denote R i as a size of radius in pixel for the sample i in the radius direction, and U i the sampling circumference at R i . Hence R i = i × R max /n r . In the conventional LPT and polar transform (PT), U i is sampled equally with the fixed numbers of sample, n θ , to cover 360 degree. This causes oversampling at the fovea and computational waste. To effectively sample the image, the parameter n θ needs to be adaptive. Since each circumference U i covers approximately 2πR i pixels, the number of samples in the angular direction for each sample i in the radius direction, n θi , should also be adjusted accordingly. For the sake of simplicity, n r and n θi can be selected in the form of multiple power of two. This will not only make the computation simpler, but also accelerate the matching which is usually carried out by cross-correlation or by Fourier phase correlation, which will be discussed later. Hence, n r and n θi can be expressed as:
The operation ceil(A) denotes the nearest integer greater than or equal to A. The complete implementation to transform a square image with the size 2R max × 2R max pixels in Cartesian I(x, y) to adaptive polar image IP (r, θ) is shown below:
)) end for end for
As shown in Fig.1 (a) , the number of samples in the angular direction of APT is distributed adaptively according to the size of the radius. The result in this step is a series of samples arranged in the step-like manner as shown in Fig. 1  (b) , i.e., as r increases, the number of samples in θ increases. The total number of samples is less than what is needed for the conventional methods to have the same sampling resolution, and each sampling involve interpolation, which requires high computation. As a result, the sampling process of APT is accelerated.
Create Polar Transformed Image
The result from the first step IP is still not in a form of rectangular matrix, which makes it difficult to further evaluate in the matching procedure. To create an image-like result, each sample in the r direction needs to be extended as follow: . Using Barbara, Fig. 2 (a) , a 256 x 256 pixels image, as test image, the result of adaptive sample and the final resulting image of APT are shown in Fig. 2 (b) and (c), respectively. Another advantage of the proposed APT from effective distribution of the sampling points can be seen by the PSNR of the reconstructed image. When compared with the reconstructed images from the conventional PT and LPT with the same number of samples, approximately 128 x 820, APT provides the highest PSNR of 34 dB while the conventional PT and LPT provide 31 dB and 28 dB, respectively. Since this step of APT does not involve interpolation, the total computational cost is still lower than the conventional algorithm.
APT Matching
Compared to the conventional LPT, the APT image maintains only the rotation invariant property while the scale invariant property is lost. To obtain both scale and rotation information of the registered image, an innovative matching mechanism is introduced. The mathematical expression of image I 2 that is a scaled and rotated version of image I 1 is I 2 (x, y) = I 1 (ax cos θ 0 + ay sin θ 0 , −ax sin θ 0 + ay cos θ 0 ).
(2) In the polar domain, eq. (2) can be expressed as: where a and θ 0 are the scale and the rotation parameters respectively. Unlike the conventional LPT that can use 2D correlation technique [3] for matching LPT images and obtaining scale and rotation information, APT requires the correlation to be performed separately for each sampling radius r of the transformed image. As a result, rotation can be obtained from the shifting in the angular direction of the transformed image while scale information can be computed from the multiplication of the shifting parameter in the radius direction of the transformed image. We use phase correlation to match each sample radius r i of the registered image to the target image in the polar domain. More details of phase correlation can be found in [4] . Results from each of the performed phase correlation, denoted as operation P , are the shifting in the radius direction, shifting in the angular direction, and correlation coefficient, denoted as Δr i , Δθ i , and c i , respectively. The complete matching procedure is shown below.
× 360 end if end for a= mode S ; θ 0 = mode ϑ ; C = mean c whereĨ P 1 (r i , ∀θ) is the sample vector at radius r i that is zeros padded to be the same size as IP 2 .
Feature Point Based Search Scheme
In order to keep the advantages of the LPT's scale and rotation invariant properties, the translation parameter has to be found. Zokai et al [3] uses multi-resolution framework to reduce the computation cost of the search. This technique, however, performs well only when the target image contains enough low frequency information. We introduce a scale and rotation invariant scheme to accelerate the search procedure. First, image in the spatial domain I(x, y) is convolved with Gabor filters g mn at different scales and orientations:
where m and n denote scale and orientation, respectively.
Θ(x, y, m, n) denotes Gabor coefficients at point (x, y) at scale m and orientation n, respectively. In our work, 5 scales and 5 orientations are used. More details of Gabor wavelet and its mathematical expression can be found in [4] . To obtain Gabor features, Θ(x, y, m, n) is normalized to reduce the effect of illumination changes. For every image pixel (x, y), we select only the coefficients from the scale factor that gives the highest average frequency response for all the orientations, denoted this scale factor as m s , and discard the remaining coefficients from other scale factor. The geometric mean of the remaining coefficients are then com-
, where N is the number of remaining coefficients. A non-maxima suppress is applied to select the feature points. We note that in our approach, unlike feature based image registration methods, feature points do not represent the image. They are used for accelerating the search only. If subpixel accuracy is required, one may also perform an exhaustive search in small windows, say 4 pixels around the matched area.
Complete Algorithm
Below is the complete steps of the proposed algorithm:
1.) Extract features in both the reference image and the target image.
2.) Crop a circular I 1 from the reference image that covers the area R max desired to register using one of the feature points as the origin. Model, IP M (r, θ), is created by applying APT to I 1 .
3.) For each feature point in the target image, crop circular I 2 using the same R max as for creating the model. 5.) Match each candidate with the model using the proposed APT matching algorithm.
6.) Translation is the point that gives the highest value of C. Scale and rotation are the computed parameters a and θ 0 , respectively.
EXPERIMENTAL RESULTS
In this section, the performance comparisons are made between the conventional LPT, as proposed in [3] , and the proposed APT. In Fig. 3 , scanned images of human brain (available at http://www.maths.manchester.ac.uk/∼shardlow/ moir/rueckert.pdf 1 ) are presented. Fig. 3 (c) and (d) demonstrate the performance of conventional LPT and the proposed APT, respectively. The red lines indicate how the reference image is registered to the target image. It is clearly seen that the conventional LPT fails to register these two images correctly due to the high changes of the image at the fovea. In Fig. 4 , test images from [5] is presented. Fig. 4 (c) shows that the conventional LPT yields less accurate registration than the proposed algorithm, as the LPT's matching result provides an offset rotation parameter. In Figs. 5 and 6, an artificial image is presented. Fig. 5 (b) and Fig. 6 (b) indicate that both methods succeed in registering scaled and rotated image. However, in Fig. 5 (c) and Fig. 6 (c) , part of the target image (text book) is occluded by a name tag. In this situation, only the proposed algorithm succeeds in registering the image while the conventional LPT fails. This demonstrates that the proposed APT can successfully register images even when the fovea has high changes. This is because APT does not concentrate only at the fovea as the conventional LPT, but rather giving importance to the entire image equally.
CONCLUSION
Although LPT has been widely used in many image processing applications, it suffers from nonuniform sampling. Inspired by this fact, this paper presents a new algorithm, which is developed to address the problem of the conventional LPT. The proposed APT provides even sampling to the entire image and yields faster sampling than conventional transformations. The matching mechanism is designed for image registration purposes and used for extracting rotation and scale information of the registered image. The innovative search scheme based on invariant features is also proposed. Experimental results demonstrate that our proposed algorithm outperforms the conventional LPT and succeeds in registering images that are altered or occluded.
